Purpose To study neuroretinal alterations in patients affected by type 2 diabetes with no diabetic retinopathy (DR) or mild nonproliferative diabetic retinopathy (NPDR) and without any sign of diabetic macular edema. Patients and methods In total, 150 type 2 diabetic patients with no (131 eyes) or mild NPDR (19 eyes) and 50 healthy controls were enrolled in our study. All underwent a complete ophthalmologic examination, including Spectral-Domain optical coherence tomography (SD-OCT). Ganglion cell-inner plexiform layer (GC-IPL) and retinal nerve fiber layer (RNFL) thickness values were calculated after automated segmentation of SD-OCT scans. Results Mean best-corrected visual acuity was 0.0 ± 0.0 LogMAR in all the groups. Mean GC-IPL thickness was 80.6 ± 8.1 μm in diabetic patients and 85.3 ± 9.9 μm in healthy controls, respectively (P = 0.001). Moreover, evaluating the two different diabetic groups, GC-IPL thickness was 80.7 ± 8.1 μm and 79.7 ± 8.8 μm in no-DR and mild-NPDR group (P = 0.001 and P = 0.022 compared with healthy controls, respectively). Average RNFL thickness was 86.1 ± 10.1 μm in diabetes patients and 91.2 ± 7.3 μm in controls, respectively (P = 0.003). RNFL thickness was 86.4 ± 10.2 μm in no-DR group and 84.1 ± 9.4 μm in mild-NPDR group (P = 0.007 and P = 0.017 compared with healthy controls, respectively). Conclusion We demonstrated a significantly reduced GC-IPL and RNFL thickness values in both no-DR and mild-NPDR groups compared with healthy controls. These data confirmed neuroretinal alterations are early in diabetes, preceding microvascular damages.
Introduction
Diabetic retinopathy (DR) is a major complication of diabetes and the leading cause of decreased vision in working-age people. 1 DR is primarily a vascular disease, in which structural changes in the retinal vessel endothelium leads to breakdown of the blood-retina barrier and increased vascular permeability. 2 By contrast, retinal functional impairment may occur early in the course of diabetes and in patients without any signs of DR, suggesting a role for neuroretinal damage in the pathogenesis of DR. 3, 4 These data suggest that diabetes causes vision impairment associated with alterations in the electrophysiological and psychophysiological measurements of retinal function. 3, 4 These changes precede evident vascular lesions associated with DR and suggest that diabetes compromises the function of retinal neuronal cells before the blood-retinal barrier is significantly altered. Moreover, neuroretinal damage is also demonstrated by the structural changes in the retina of the diabetic patient. Barber et al, 5 in an autopsy study, showed a reduction of the ganglion cell-inner plexiform layer (GC-IPL) in diabetic patients without any signs of DR.
The introduction of optical coherence tomography (OCT) has allowed the imaging and measuring of retinal thickness with high accuracy, and several authors showed decreased retinal thickness in diabetic patients with no or mild DR compared with normal controls. [6] [7] [8] [9] The high resolution of spectral domain-OCT (SD-OCT) allows thickness measurement of all individual retinal layers after automated segmentation.
In this study, we assessed the retinal GC-IPL and retinal nerve fiber layer (RNFL) thickness values using SD-OCT in type 2 diabetic patients with no or mild nonproliferative diabetic retinopathy (NPDR) and without any signs of diabetic macular edema. The objective of this study was to determine whether type 2 diabetes causes the thinning of these retinal layers in patients with no or mild NPDR or any signs of diabetic macular edema.
Materials and methods
We enrolled 150 type 2 diabetic patients who consecutively presented to the Ophthalmology Clinic of the University of Chieti-Pescara between January 2013 and July 2014. The study adhered to the tenets of the Declaration of Helsinki and was approved by the local Ethics Committee. Informed consent was obtained from all patients before enrollment.
Baseline evaluation included a detailed medical history regarding the general health status, systemic hypertension and blood levels of glycated hemoglobin (HbA1c). All patients underwent a complete ophthalmologic examination, including assessment of best-corrected visual acuity (BCVA) using the Early Treatment Diabetic Retinopathy Study chart, slit-lamp biomicroscopy, intraocular pressure measurement with Goldmann applanation tonometry, central corneal pachimetry, visual field test (Humphrey visual field test 30-2, Carl Zeiss Meditec Inc., Dublin, CA, USA), and indirect fundus ophthalmoscopy with a 78-diopter lens and SD-OCT.
Criteria for inclusion were as follows: (1) age ≥ 18 years old; (2) diagnosis of type 2 diabetes; (3) no sign of retinopathy or presence of NPDR corresponding to grade 20 on the Early Treatment Diabetic Retinopathy Study (ETDRS) scale; 10 and (4) BCVA of at least 0.1 LogMAR.
Exclusion criteria were as follows: (1) evidence of diabetic macular edema on fundus biomicroscopy or on SD-OCT images (central subfield thickness 4250 microns); (2) previous ocular surgery, including refractive surgery, or retinal laser treatment; (3) any retinopathy secondary to causes other than diabetes, including the presence of a maculopathy, epiretinal membrane, or vitreomacular traction syndrome; (4) any optic neuropathy, including glaucoma, or any condition increasing the risk of secondary glaucoma (eg, pigment dispersion syndrome or pseudoexfoliation syndrome); (5) any neurodegenerative diseases known to influence RNFL thickness 11, 12 (eg, Alzheimer's or Parkinson's diseases); (6) refractive error 43 diopters; (7) intraocular pressure 421 mm Hg; (8) visual field alteration (subjects were declared healthy if the visual field mean deviation, pattern SD and the glaucoma hemifield test were all within normal limits; visual fields were considered reliable if fixation loss and false-negative and false-positive results were o30%); and (9) significant media opacities.
A control group of 50 subjects, homogenous for age and sex, was also included in the current analysis. All control subjects also underwent a complete ophthalmologic examination, including a visual field test and SD-OCT.
Imaging
Patients were tested using a Cirrus SD-OCT (Carl Zeiss Meditec Inc.), a commercially available device with a scan speed of 27 000 axial scans per second and an axial resolution of 5 μm. All scans were acquired by the same operator after pupil dilation using eye drops containing 0.5% tropicamide and 0.5% phenylephrine hydrochloride. Cirrus SD-OCT was used to acquire two macular scans using the macular cube 512 × 128 scan protocol and the Optic Disc Cube 200 × 200 protocol. The GCA algorithm, incorporated into the Cirrus SD-OCT software version 6.5, was used to process and measure the thickness of the macular GC-IPL within a 14.13-mm 2 elliptical annulus area centered on the fovea. The GCA algorithm automatically segmented the GC-IPL based on the three-dimensional data generated from the macular cube 512 × 128 scan protocol (Figure 1 ). The average, minimum and six sectoral GC-IPL thickness values (supero-temporal (ST), superior (S), supero-nasal (SN), infero-nasal (IN), inferior (I), and infero-temporal (IT)) were measured from the elliptical annulus centered on the fovea. To evaluate RNFL thickness, Cirrus SD-OCT algorithms identify the optic disc and automatically place a calculation circle with a 3.46-mm diameter evenly around it. Layer-seeking algorithms determine the RNFL inner (anterior) boundary and RNFL outer (posterior) boundary for the entire cube, except the optic disc ( Figure 1 ). The system extracts data from the cube 256A-scan samples along the path of the calculation circle.
The process results in a T, S, N, I, and T profile map. A detailed description of the algorithm has been presented in detail. 13 During the scanning, the subject's pupil was first centered and focused in the iris viewport and the linescanning ophthalmoscope with 'auto focus' mode was then used to optimize the view of the retina. The 'center' and 'enhance' modes were used to optimize the Z-offset and scan polarization, respectively, for the OCT scan to maximize the OCT signal. After each capture, the motion artifact was checked with the line-scanning ophthalmoscope image with an En Face OCT overlay. Rescanning was performed if a motion artifact, indicated by blood vessel discontinuity, was detected.
Only good-quality scans, defined as scans with signal strength ≥ six, were used for the analysis.
Statistical analysis
RNFL and GC-IPL measurements were compared using the one-way analysis of variance, followed by the Bonferroni post hoc test. Student's t-test was used to compare quantitative variables, such as diabetes duration and HbA1c value. Skewness and Kurtosis values were calculated to assess the normal distribution of the variables. Furthermore, categorical variables were compared with the χ 2 -test. Finally, Pearson's correlation was performed to evaluate the linear correlation between variables (RNFL and GC-IPL).
All statistical analyses were performed using MedCalc version 8.1 for Windows (MedCalc, Mariakerke, Belgium), and a P-value o0.05 was considered statistically significant.
Results
A total of 150 eyes from 150 type 2 diabetic patients (94 males, 56 females; mean age 60.9 ± 8.3 years, range 31-83 years) were tested. Of these, 131 patients did not have any signs of DR (no-DR group), and the remaining 19 patients were affected by mild NPDR (mild-NPDR group). A control group consisting of 50 subjects, homogenous for age and sex (30 males, 20 females; mean age 60.0 ± 8.4 years, range 25-80 years), was selected for statistical comparisons ( Table 1 ). The BCVA was 0.0 ± 0.0 LogMAR in all groups. The mean refractive error was 0.2 ± 1.5 diopters in diabetic patients and 0.1 ± 1.3 diopters in healthy controls (P = 0.466).
Patients affected by diabetes reported a mean duration of disease of 7.1 ± 6.6 years (6.4 ± 5.6 years and 12.8 ± 10.4 years for no-DR and mild-NPDR patients, respectively). The mean HbA1c level was 7.4% ± 1.3%, 7.4% ± 1.2%, and 8.0% ± 1.3% in diabetic patients, no-DR group, and mild-NPDR group, respectively (Table 1) .
Additional demographic and clinical characteristics of the enrolled subjects are reported in Table 1 .
The GC-IPL and RNFL thickness measurements were tested for all diabetic and control eyes. Upon SD-OCT Neuroretinal alterations in eyes with mild NPDR or without DR P Carpineto et al examination, the average RNFL thickness was 86.1 ± 10.1 μm and 91.2 ± 7.3 μm in diabetic patients and controls, respectively (P = 0.003). Furthermore, for the two different groups of diabetic patients, the average RNFL thickness was 86.4 ± 10.2 in the no-DR group and 84.1 ± 9.4 in the mild-NPDR group (P = 0.977). Moreover, both the no-DR group and mild-NPDR group showed a statistically significant difference in the average RNFL thickness compared with the control group (P = 0.007 and P = 0.017, respectively) ( Table 2) . Moreover, the RNFL thickness was significantly different between the diabetic patients and controls in the superior and temporal quadrants ( Table 2) .
The average GC-IPL thickness was 80.6 ± 8.1 μm and 85.3 ± 9.9 μm in diabetic patients and controls, respectively (P = 0.001). Moreover, for the two different diabetic groups, the GC-IPL thickness was 80.7 ± 8.1 μm and 79.7 ± 8.8 μm in the no-DR and mild-NPDR group, respectively (P = 1.000). Furthermore, both the no-DR group and mild-NPDR group showed a statistically significant difference in the mean GC-IPL thickness compared with the control group (P = 0.001 and P = 0.022, respectively) ( Table 2 ). In addition, in all quadrants, the mean GC-IPL thickness was significantly difference between the diabetic patients and controls (Table 2) .
Additional GC-IPL and RNFL thickness analyses are shown in Table 2 .
To improve the data analysis, we selected patients in whom the SD-OCT software did not show abnormalities in both the RNFL and GC-IPL analysis. In these patients, the analysis did not output any average or sectorial thickness reduction for both RNFL and GC-IPL. Only 88 of 150 patients had no abnormalities on the RNFL and GC-IPL analysis. All selected patients belonged to the no-DR group. This selected group showed an average thickness of 86.5 ± 9.7 μm and 80.3 ± 8.1 μm in RNFL and GC-IPL layers, respectively. Both the RNFL thickness and GC-IPL thickness were reduced in this group compared with the control group (P = 0.015 and P = 0.001, respectively) ( Table 3 ). All patients affected by mild NPDR had alterations either in the RNFL or GC-IPL analysis.
The Pearson test showed that the RNFL thickness was directly correlated with the GC-IPL thickness in diabetic patients (R 2 = 0.305, Po0.001). We also found a direct correlation between the average RNFL thickness and HbA1c value (R 2 = 0.162, P = 0.048). This correlation reached statistical significance in the inferior RNFL sector. Moreover, we found no correlation between RNFL and GC-IPL thickness values and diabetes duration (Table 4) .
Discussion
In this cross-sectional study using SD-OCT, we investigated the GC-IPL and RNFL thickness values in asymptomatic type 2 diabetic patients with no or mild NPDR, corresponding to grade 20 or 35 on the ETDRS scale, without diabetic macular edema. Overall, the current analysis revealed a significant reduction of the mean GC-IPL thickness and RNFL thickness in type 2 diabetic patients with no or mild NPDR compared with Table 2 Ganglion cell-inner plexiform layer and retinal nerve fiber layer thicknesses in diabetic patients and controls Diabetic patients (n = 150) Controls (n = 50) Values were compared by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. Statistical significant P-values are written in bold.
P-value
Neuroretinal alterations in eyes with mild NPDR or without DR P Carpineto et al a homogenous control group. Interestingly, these findings were also present in patients without any sign of DR compared with healthy controls, indicating this alteration occurs early in diabetes.
Neuroretinal degeneration is present in several neurological diseases, such as Alzheimer's and amyotrophic lateral sclerosis. 11, 14 Moreover, neuroretinal degeneration is distinctive and early in different optic nerve diseases, such as glaucoma. 15 Interestingly, various studies showed that neuroretinal degeneration is also a retinal disease feature. Indeed, GC-IPL and RNFL thinning has been found in retinal illnesses, such as nonproliferative idiopathic macular telangiectasia type 2A, currently considered a neuroretinal disorder. 16 These studies were possible because of SD-OCT. SD-OCT is widely used to image the retina, and recent advances in segmentation algorithms have led to the study of individual retinal layers with high resolution and good reproducibility. [17] [18] [19] [20] Several studies showed the early neuroretinal degeneration in diabetic patients. For example, several studies showed a decreased retinal ganglion cell (RGC) layer thickness in patients with type 1 diabetes. 21 Moreover, in type 2 diabetic patients, neuroretinal alterations are supported both by a retinal function test, electroretinogram or microperimetry, 3, 4 and neuroretinal histological evaluation. 22, 23 To the best of our knowledge, only a few published studies exist testing GC-IPL and RNFL thicknesses in patients with no signs of DR using an imaging approach. 24, 25 In contrast to our results, Van Dijk HW et al 24 showed no significant decrease in the GC-IPL and RNFL thickness values in patients affected by type 2 diabetes and without any signs of DR. However, this is probably secondary to the different SD-OCT types used (Cirrus and Topcon in our and Van Dijk HW's study, respectively) or to different patient group sizes (131 and 39 in our and Van Dijk HW's study, respectively).
We hypothesize that chronic hyperglycemia, even without clinically detectable microvascular complications, can negatively affect RGCs, leading to the functional impairment and death of RGCs and, consequently, a reduction of GC-IPL thickness and RNFL thickness. These are suggested by Barber et al, 5 who showed increased apoptosis of retinal neural cells both in experimental diabetic rats and in diabetic patients. Increased apoptosis is probably due to the following: (i) neurofilament accumulation in RGC axons, related to changes in retrograde axonal transport; 26 (ii) elevated levels of glutamate; (iii) increasing neurotoxic factors, 27 and (iv) reactive changes in microglia. 28 Moreover, comparing patients without abnormalities on the RNFL and GC-IPL analysis with healthy controls, we found a significant GC-IPL and RNFL thickness reduction. The latter feature supports the postulate that neuroretinal alterations occur early and are also present in patients with a normal SD-OCT analysis.
However, because all mild NPDR patients were affected by grade 20 Early Treatment Diabetic Retinopathy Study (only microaneurisms as pathological signs), we did not adjust the results for pathological signs. The absence of correlation between the thinning of GC-IPL and RNFL and diabetes duration was previously reported by Van Dijk et al 24 This feature is likely because the disease process is unclear in patients with type 2 diabetes, because glucose metabolism can be altered years before diabetes diagnosis. Therefore, the possible correlation between the thinning of GC-IPL and RNFL and the duration of disease is not precise.
The presence of a direct correlation between the GC-IPL and RNFL average thickness values and HbA1c level is in the opposite of many studies. Nevertheless, we predict that this result is secondary to the higher Hba1c values in patients with a o1-year diabetes diagnosis compared with all other patients. Indeed, the correlation was no longer present for patients with a 41-year diabetes diagnosis.
Our study has several limitations. The main limitation is the method used. Automated segmentation, although reproducible, has shown test-retest variability in testing GC-IPL and RNFL thickness. 17, 19, 20 However, SD-OCT imaging remains the most reproducible tool in testing these two layers. Another important limitation is that the sample size is relatively small. However, the strict inclusion criteria for patients should be considered. Finally, another limitation is that we did not measure the axial length to avoid an invasive exam for the patient. However, both the axial length and the refractive error influence the GC-IPL and RNFL measurements. 29 Nevertheless, one should consider the following: (1) the low variability of refractive error in the enrolled subjects; (2) the refractive error mean ± SD is very similar in the different groups; and (3) no patient underwent refractive surgery.
In conclusion, we confirmed the role of SD-OCT for the evaluation of asymptomatic diabetes patient without any sign of DR and also that neuroretinal degeneration is early, preceding microvascular damages. Further studies are necessary to understand whether ganglion cell neuroretinal degeneration and microvascular damages are pathogenically linked and whether neuroretinal degeneration represents a target in diabetes treatment to prevent DR.
Summary
What was known before K Retinal functional impairment may occur early in the course of diabetes, also in patients without any sign of DR, suggesting a role of neuroretinal damage in the DR pathogenesis. 
